, "Fiber-based 1150-nm femtosecond laser source for the minimally invasive harmonic generation microscopy," J. Biomed. Opt. Abstract. Harmonic generation microscopy (HGM) has become one unique tool of optical virtual biopsy for the diagnosis of cancer and the in vivo cytometry of leukocytes. Without labeling, HGM can reveal the submicron features of tissues and cells in vivo. For deep imaging depth and minimal invasiveness, people commonly adopt 1100-to 1300-nm femtosecond laser sources. However, those lasers are typically based on bulky oscillators whose performances are sensitive to environmental conditions. We demonstrate a fiber-based 1150-nm femtosecond laser source, with 6.5-nJ pulse energy, 86-fs pulse width, and 11.25-MHz pulse repetition rate. It was obtained by a bismuth borate or magnesium-doped periodically poled lithium niobate (MgO:PPLN) mediated frequency doubling of the 2300-nm solitons, generated from an excitation of 1550-nm femtosecond pulses on a large mode area photonic crystal fiber. Combined with a home-built laser scanned microscope and a tailor-made frame grabber, we achieve a pulse-per-pixel HGM imaging in vivo at a 30-Hz frame rate. This integrated solution has the potential to be developed as a stable HGM system for routine clinical use.
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Introduction
A biopsy is an important procedure for clinical diagnosis.
Pathologists examine the tissues removed from lesions to determine whether or not diseases are present and help medical doctors make treatment decisions. However, the traditional biopsy process has a limited sampling area and may cause some side effects such as infection or cancer metastasis. 1 Moreover, the inspection of excised tissues requires a long and labor-consuming process of fixation, occlusion, histology section, dye staining, and mounting. Although intraoperative frozen-section analysis offers faster processing time (∼20 min per section), the accuracy is still poorer than paraffin-embedded histology. 2, 3 There is an unmet clinical need to develop a least-invasive and time-saving method to produce accurate and large fieldof-view histopathology images. With the invention of confocal microscopy, 4 histopathological-grade sectioning images from thick tissues can be noninvasively acquired with a submicron three-dimensional spatial resolution. Without any labeling, the contrast relies on the autofluorescence of endogenous pigments and backreflected photons due to scattering or refractive index heterogeneity. Excited at a 1000-to 1300-nm infrared wavelength, the imaging depth can be extended to 300 μm at the cost of losing autofluorescence contrast and degraded ∼1-μm lateral resolution. This kind of optical virtual biopsy tool can save preparation time and allow doctors to make a quick pathological examination in vivo or ex vivo on freshly excised tissues. Exploiting the interference contrasts, optical coherence tomography (OCT) improves the imaging depth to 1 to 2 mm at the cost of lateral resolution (10 to 20 μm). 5 The OCT modality is suitable for the large field-of-view ranging on the layered tissues, but the lateral resolution is not enough for visualizing subcellular details, which is critical for the histopathological diagnosis. With the advance of ultrafast lasers, the nonlinear optical microscopy, such as multiphoton fluorescence microscopy, 6 second harmonic generation (SHG) microscopy, and third harmonic generation (THG) 7 microscopy, was developed. Because the yields of nonlinear optical signals depend nonlinearly on the excitation intensity, only the area at the location around the focus can generate detectable signals, thus providing the intrinsic sectioning capability. Compared with the multiphoton fluorescence microscopy, the SHG and THG microscopies have less molecular information but provide more morphological information that can be recognized in traditional histopathology. 8 The SHG contrast can reveal collagen networks, 9 and the THG contrast can outline cellular structures via its sensitivity to lipids. 10, 11 The high-spatial-resolution and deep-tissue imaging capability of such harmonic generation microscopy (HGM) make it an emerging and powerful virtual biopsy modality complementary to multiphoton fluorescence microscopy. By far, the HGM have been widely applied to the investigation of human skin and mucosa, 12-14 assessment of atopic dermatitis, 15 diagnoses of oral squamous cell carcinoma, 16 characterizations of skin aging, 17 morphological analysis on human adipocytes, 18 live brain imaging of neurons, 19 and the in vivo cytometry on leukocytes. [20] [21] [22] Since the biological tissues have severe scattering at visible wavelengths and strong water absorption at wavelengths longer than 1300 nm, 23 people commonly adopt 800 to 1300 nm femtosecond laser sources for deep-tissue optical virtual biopsy. 13, [24] [25] [26] [27] [28] [29] In the 800-to 1100-nm wavelength range, many endogenous pigments such as flavins can be two-photon excited. 30 Their autofluorescence can serve as valuable contrasts to reveal the morphology and distribution of cells. For HGM, a higher excitation intensity for THG is required, and the two-photon absorption of endogenous fluorophores may result in on-focus photodamage. Therefore, the suitable wavelength range for HGM should be longer within 1100 to 1300 nm. Moreover, the second overtone absorption band of the lipid CH 2 stretching modes lies within 1150 to 1250 nm, which can resonantly enhance the THG signals. 11 To generate intense 1150-to 1250-nm femtosecond laser pulses, people often use a femtosecond Cr:forsterite laser (1230 to 1250 nm) or a femtosecond Ti:sapphire laser cascaded with an optical parametric oscillator. However, the performance of these laser systems is sensitive to the temperature change, and they need more maintenance efforts. For routine clinical use, stable and high-pulse-energy laser sources are highly desired.
The phenomenon of soliton self-frequency-shift (SSFS) in optical fibers was first discovered 31 in 1986 and has been applied to generating wavelength-tunable femtosecond laser sources. [32] [33] [34] [35] By an excitation of high-power Yb:fiber 33, [36] [37] [38] [39] [40] or Ti:sapphire 41 femtosecond lasers in dispersion-zero shifted photonic crystal fiber (PCF), several groups have demonstrated the redshift of solitons to the 1150-to 1250-nm wavelength range. They demonstrate the possibility of using fiber laser for the development of stable 1150-to 1250-nm femtosecond lasers. Although the Yb:fiber-laser-based SSFS or supercontinuum sources can excite two-photon fluorescence and SHG contrast, the pulse energy and pulse width performance are not sufficient for the in vivo THG imaging. Typically, before the imaging system, 5-nJ pulse energy at an 100-fs pulse width is required to achieve a good enough THG contrast in vivo. [12] [13] [14] Limited by the small core diameter of the dispersion-zero shifted PCF, most of those femtosecond SSFS solitons can only sustain sub-nJ to 2 nJ pulse energies, which are not sufficient for the in vivo HGM. Although Fang et al. 38 and Yao et al. 40 have demonstrated >5 nJ pulse energies at this wavelength range, they did not perform in vivo HGM to validate their capability in the optical virtual biopsy. Recently, using a high-power Er:fiber femtosecond laser (λ ¼ 1550 nm) and a large mode area PCF, Xu's group generated energetic SSFS solitons tunable from 1580 to 2130 nm with a pulse energy up to 45 nJ. 42 After efficient (∼50%) frequency-doubling, the three-color (775, 865, and 950 nm) near-infrared femtosecond laser source can be applied to the multilabel multiphoton fluorescence microscopy in vitro. 43 This approach employs a large mode area PCF to overcome the limitation of soliton energies. Although 1550 nm is longer than 1250 nm, high-energy SSFS solitons can be efficiently frequency-doubled to the wavelength band that the Ti:sapphire laser covers. Nevertheless, it is still difficult to achieve 1150-to 1250-nm wavelengths due to the strong absorption around 2200 nm in the fused silica, 44 which impedes the longest possible wavelength of SSFS solitons. 45 The four-wave-mixing-based optical parametric oscillator can deliver energetic, tunable, chirped femtosecond pulses at 1200-to 1300-nm wavelengths, 46 but the 560-fs pulse width was not short enough to generate THG signals efficiently.
In this paper, we develop a stable fiber-based femtosecond laser around 1150 nm with 6.5-nJ pulse energy, 86-fs pulse width, and 11.25-MHz pulse repetition rate. It was achieved by a bismuth borate (BIBO) or magnesium-doped periodically poled lithium niobate (MgO:PPLN) mediated frequency doubling of 2300-nm SSFS solitons generated from the excitation of a moderate mode area PCF with a high-power 1550-nm femtosecond laser. For this unique source, we built a tailor-made laser scanned microscope and constructed a pulse-per-pixel data acquisition card. As a whole, we validate its feasibility to perform in vivo HGM. This integrated biomedical HGM system is useful for routine clinical use.
Experimental Setup and Animal Handling 2.1 Fiber-Based 1150-nm Femtosecond Laser Source
The generation of the 1150-nm femtosecond laser source is a process of SSFS, followed by frequency doubling (Fig. 1) . The initial pump source is a high pulse energy (400 nJ) Er: fiber femtosecond laser (Calmar, FLCPA-01C) operating at 1550 nm. The excitation pulses have a 7.5-MHz (or 11.25 MHz) repetition rate and a 400-fs pulse width. To control the input laser power focused on the fiber, the combination of a halfwave plate and a polarization beam splitter (PBS) were used. The power level after PBS can be controlled by rotating the optical axis of the first half-wave plate (HWP1 in Fig. 1 ). In front of the fiber, another half-wave plate (HWP2 in Fig. 1 ) was placed for aligning the polarization of the laser to the optical axis of the polarization-maintaining large mode area PCF (NKT Photonics, LMA-PM-15) with a mode field diameter of 13 μm. Using an aspheric lens (L1 in Fig. 1 ) with a 18.4-mm focal distance (Thorlabs, C280TMD-C), the highest achievable fiber coupling efficiency was 75%. At the output of the fiber, a calcium fluoride lens (L2 in Fig. 1 ) with a 40-mm focal distance was used (Thorlabs, LA5370-D) to collimate the output beam. The 2250-nm long pass filter (F1 in Fig. 1 ) with 94% transmission at 2300 nm was inserted to select the most redshifted soliton. For obtaining the laser pulses around 1150 nm, the 2300-nm solitons were focused in an SHG crystal. The SHG crystals we used include a 1-mm-thick BIBO and a 1-mm-thick magnesiumdoped periodically poled lithium niobate (MgO:PPLN). At the end of the laser source system, an 1150-nm bandpass filter (F2 in Fig. 1 ) with 80% transmission at 1150 nm was placed to eliminate the 2300-nm solitons. The laser spectrum was analyzed by an infrared spectrometer (A.P.E., WaveScan) with a measuring range of 1000 to 2600 nm.
Harmonic Generation Microscopy System
The 1150-nm laser beam was raster-scanned by an 8-kHz resonant scanning mirror (Cambridge Technology, 1-003-3002509) and a galvanometer mirror (Cambridge Technology, 6215HM40B). The scanning of these two mirrors was synchronized by a counter circuit board designed to receive the line clock from the resonant scanner and generate the ramp signals to drive the galvanometer mirror via the control board (Cambridge, 671215H-1HP). Data sampling of each line was arranged in each half period (62.5 μs) of the resonant scanning. For 512 × 512 pixels imaging, the resulted frame rate was 30 Hz. A telescope, consisting of a pair of convex lenses, was placed between the scanning unit and the objective (Olympus, UAPON 40XW340) for beam expansion and relay. When the scanning mirrors were at rest, the laser beam was normally incident on the center of both lenses. The expanded beam size fit the back aperture of the objectives. When the mirrors started to scan, divergently sweeping rays of laser beams became parallel to each other after the first lens and then converged to the back aperture of the objective after the second lens. A multiphoton dichroic beam splitter (Chroma, 750DCSPXR) was inserted between the objective and the telescope to reflect the exciting 1150 nm laser and allow the transmission of nonlinear optical signals. As the laser beam was focused on the specimens, the generated SHG (λ ¼ 575 nm) and THG (λ ¼ 383 nm) signals were epicollected by the same objective, transmitted through the multiphoton dichroic beam splitter, and further focused by a lens (OptoSigma, SLSQ-25-80P) onto the photomultiplier tubes (PMTs) (Hamamatsu, H7732). The SHG and THG signals were separated by a dichroic beam splitter (Semrock, FF506-Di03-25 × 36). The appropriate band-pass filters (Thorlabs, MF390-18 and Chroma, HQ575∕50×) were inserted in front of the PMTs to block undesired background signals. As the focused laser beam takes a raster scan on the specimen point by point, two PMTs detected the generated nonlinear optical signals, and the photocurrents were transmitted to the data acquisition system to show the two-dimensional images. Compared with conventional high repetition rate (50 to 100 MHz) femtosecond lasers, the pulse repetition rate of this unique 1150-nm femtosecond source was relatively low. The synchronization of the data sampling with the laser pulses is required. To coordinate the timing among laser pulses, scanners, and the data acquisition, we constructed a frame grabber based on a field programmable array (FPGA) card (Terasic, Artera DE4) and wrote an image acquisition program. Two trans-impedance amplifiers (Hamamatsu, C6438-01) with 50-MHz bandwidth converted the photocurrent from PMTs into voltage signals. Then, the analog signals were digitized at a 14-bit pixel depth by an analog-to-digital convertor on the FPGA card. On the other hand, the global clock of the FPGA was synchronized to the laser pulses through a phase lock loop module. The time-delay of the sampling clock can be adjusted to meet the timing of the analog HGM signals from PMTs, so the amplitudes of the sampled signals can be maximized. The line and frame synchronization signals from these two axes were also sent to the FPGA card for the reconstruction of images in the computer. Finally, 512 × 512 pixels HGM images with 300 μm × 300 μm fields of view were acquired and shown on the screen of the computer at a 30-Hz frame rate.
Animal Model and Anesthesia
The live animals we used for HGM in vivo imaging were ICR mice purchased from the Animal Center of National Taiwan University Hospital. The study followed the protocols reviewed by the Animal Care and Use Committee of National Taiwan University Hospital (IACUC-NTUH) under the case number 20120028.
Regarding anesthesia, isoflurane was used in our experiment for its effectiveness, lack of side-effects, and rapid wash-out in continuous time-course imaging and prolonged experimental observations. We concurrently maintained the body temperature with a small warm bag during the entire period when the mice were under anesthesia until recovery.
Results
In the light source development, we first operated the 1550-nm femtosecond laser at a 7.5-MHz pulse repetition rate. Using a lens, we focused and coupled the 1550-nm laser pulses (∼370 fs) into a polarization-maintaining large mode area PCF. Since the dispersion of a normal fiber is negative at 1550 nm, this femtosecond excitation can generate solitons and further induce SSFS. The amount of frequency shift is dependent on the excitation power and the length of the fiber. 47 Shorter fiber requires higher excitation power to achieve the same wavelength of the most redshifted solitons. The corresponding pulse energies at that wavelength will thus be increased (Fig. 2) . Previously, pumped by 400 nJ pulses, the wavelength of the most redshifted solitons could reach 2130 nm in a 35-μm core-diameter PCF. 42 In our 15-μm core-diameter PCF, stronger nonlinear optical processes push the solitons to a wavelength longer than 2200 nm (Fig. 2) . With similar coupling efficiency, the 2300-nm solitons can be achieved by only 240 nJ of pulse energy. After frequency doubling with a BIBO crystal, we found the shorter fiber generates a higher average power [ Fig. 3(a) , blue squares].
Characterized by the autocorrelation measurement, we found that the pulse width of the 1150 nm source reached a minimum of 86 fs at the length of 0.6 m [ Fig. 3(b) ]. However, the pulse width became longer in the 0.5-m PCF, which might be due to the spectral overlap between the most redshifted solitons and other solitons. The spectrum of the most redshifted solitons from the 0.6-m PCF separates more from those of others [ Fig. 4(a) ]. Passing a 2250-nm long pass filter, the resulted soliton spectrum has a 2300-nm peak and an 86-nm bandwidth [ Fig. 4(b) ]. After SHG, the 1150-nm femtosecond source has a 21-nm bandwidth [ Fig. 5(a) ] and an 86-fs pulse width, assuming a hyperbolic secant pulse shape [ Fig. 5(b) ]. The time-bandwidth product is 0.41, indicating that some dispersion was introduced to the pulses in the process of SHG in BIBO. We thus chose 0.6-m PCF for further optimization. At this fiber length, the average power of the 2300 nm solitons was 130 mW, and the SHG power was 12.6 mW. The conversion efficiency was just 9.7%. To improve the efficiency, we used the quasi-phase-matching technique to obtain a stronger SHG output. The periodically poled material we chose was magnesium-oxide (MgO) doped lithium niobate (LN), which has a strong d 33 coefficient for SHG. The MgO:PPLN crystal has a 34.2-μm poling period and a thickness of 1 mm. At room temperature, the power of the SHG was raised to 49 mW, corresponding to a 6.5-nJ pulse energy.
Then we guided the laser beam into the home built laser scanning microscope for the in vivo HGM imaging. To obtain 512 data points within a line period of the 8-kHz resonant scanner, we increased the repetition rate of the 1550-nm laser up to 11.25 MHz. The corresponding 88.89-ns pulse repetition period was still longer than the impulse response time of a 50-MHz bandwidth trans-impedance amplifier. The pulsed HGM signals will return to background level within a pulse repetition period, which means the time point of data sampling needs to synchronize with the laser pulses to acquire optimal signals in digitization. Fig. 2 The relation between the wavelength of fundamental soliton and input power for difference length fibers. In this case, only one laser excitation contributes the signals in each pixel. Controlling the electronic time delay on a FPGA card, we synchronized the time point of data sampling with the pulsed HGM signals. According to the average SHG intensities of the collagen imaging, we found the optimal delay time (Fig. 6 ). Due to the system loss, the output pulse energy after the objective was decreased to 1.87 nJ. This energy level is below the calculated breakdown threshold of 10 nJ in biological tissues. 48 Considering an 1-μm focal spot size and 100-fs pulse width, the instantaneous irradiance of our imaging system was about 2.37 × 10 12 W∕cm 2 , which is also below the water breakdown threshold (6 × 10 12 W∕cm 2 ). 48 Since Débarre et al. 49 reported a possible damage of 1.57 nJ pulses (λ ¼ 1180 nm) on the embryo development in the course of THG imaging, we still evaluated the photodamage effects by performing in vivo SHG microscopy on the collagen network of the mice ears. If there are thermal damages caused by the laser illumination, the collagen will be denatured and the average SHG intensity will be greatly decreased. In a 2-min continuous illumination, no obvious structural change was observed [ Fig. 7(a) ], nor did the average SHG intensity [ Fig. 7(b) ]. Therefore, it is certain that our operation energy level and focusing irradiance will not cause obvious tissue damage. Using this developed light source and pulse-per-pixel imaging system, we acquired tomographic images in vivo from the ear pinna of a healthy ICR mouse. The mouse was anesthetized and handled similarly to our previous work. 21 The THG contrasts (Fig. 8, magenta color) can reveal epidermal keratinocytes [ Fig. 8(a) ] and sebaceous glands in the dermis layer. The nuclei of keratinocytes can be clearly resolved. Four glands can be identified, as shown in Fig. 8(b) . On the other hand, the SHG contrasts can reveal the collagen network beneath the layer of keratinocytes. Both the SHG and THG signals could be obtained at a depth deeper than 120 μm. Taking a closer view around the sebaceous gland, we can capture the flowing red blood cells in the vessel [ Fig. 8(e), 9 , 10]. Due to a directional flow of blood, the disc-shaped red blood cells tend to stick together. Since the flowing direction of blood lay on the imaging plane, the THG sectioning image revealed the cross-sectional features of the red blood cells. These in vivo imaging results demonstrate that our pulse-per-pixel HGM system can acquire not only clear anatomical structures and subcellular morphologies but also fast biological events such as the flowing of red blood cells.
Discussion and Conclusion
The SSFS processes in the larger mode area PCF fiber can be divided into two regimes (Fig. 2) . At low excitation power, the fundamental soliton shifted rapidly as the input power increased. When the wavelength of the fundamental soliton shifted to 1800 nm, affected by the rising absorption of waters in the fiber after 1750 nm, 44 it took more input power to shift the same amount of frequency. In addition, the attenuation of the soliton energy will reduce the nonlinear effect of self-phase modulation and broaden the pulse width. 50 That is why we obtained broader pulses for longer 0.8-and 1.2-m PCF. Although a 35-μm core-diameter PCF may obtain 2300-nm solitons under an excitation of μJ level pulse energy, the repetition rate has to be lowered to 1-MHz level, which is inadequate for high frame rate HGM in vivo. The solution we provide here just fits all the requirements of high-speed HGM. On the other hand, conventional femtosecond solid-state lasers have 50-to 110-MHz pulse repetition rates. There are 5 to 10 pulse excitations within a pixel dwell time. Due to a slower impulse response (20 to 30 ns) of the 50-MHz trans-impedance amplifier, responses from 2 to 3 pulses were integrated together. Although we only have one pulse per pixel, the 6.5-nJ pulse energy before the imaging system is higher than the typical 5 nJ, which can contribute 2.2 times higher THG signals for each pulse. As a result, the contrast quality was still good enough for video-rate in vivo THG microscopy.
In conclusion, using a high power 1550-nm femtosecond laser and a 0.6-m long PCF with 15-μm core-diameter, we successfully generated 2300-nm solitons by SSFS and obtained a stable 1150-nm femtosecond source through the SHG with MgO:PPLN. We can achieve 6.5-nJ pulse energy and 86-fs pulse width at an 11.25-MHz repetition rate, which is promising for high-speed virtual optical biopsy with HGM. Combined with pulse-per-pixel imaging and data acquisition system, we demonstrated video-rate HGM in vivo and successfully captured the flowing red blood cells. This integrated solution, together with our SSFS source in 800 to 1100 nm, 43 has the potential to be developed as a stable virtual optical biopsy system for routine clinical use.
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